Introduction
Airborne bacterial communities represent a vast reservoir of biodiversity with the potential for global distribution. Each cubic meter of air bears an estimated 10 4 -10 8 bacterial cells (Bowers et al., 2009 (Bowers et al., , 2011a , and bacteria can be transported through the air across large geographic distances (Meola et al., 2015) . Until recently, the ecology of this reservoir, and the factors shaping the composition of airborne microbial communities, remained unexplored. Coupling next-generation sequencing approaches with airborne sampling provides us with compelling evidence that the atmosphere is a new frontier in microbial ecology (Womack et al., 2010) . While some bacterial taxa appear to be adapted to the airborne habitat itself and contribute to the global carbon cycle (e.g., Vaïtilingom et al., 2013; Klein et al., 2016) , many airborne taxa are a subset of the bacteria derived from underlying land (e.g. Barberán et al., 2015) . As a result, airborne biodiversity is susceptible to changes caused by the same factors altering the underlying land. For example, we know that airborne communities gathered at suburban, forested and agricultural sites in Colorado vary by land use type (Bowers et al., 2011a) , and that major terrestrial sources of airborne microorganisms are animal faeces, leaf surfaces and soils (Bowers et al., 2011b; Barberán et al., 2015) . Furthermore, edaphic factors driving soil bacterial composition, such as pH, also influence dust-deposited communities, suggesting an ecological relationship between the land and air (Barberán et al., 2015) . Urbanized land is expanding rapidly, both worldwide and within the United States (Seto et al., 2011) , making urbanization one of the most influential contributors to ecosystem change (Grimm et al., 2008) . Scientists recognize that urban development homogenizes ecological patterns, such as soil moisture and organic matter content , microclimate (Hall et al., 2016) , ground cover (Polsky et al., 2014) and vegetation (Wheeler et al., 2017) . Urbanization also alters airborne bacterial communities (Bowers et al., 2011a,b) , though it does not always decrease diversity (Brodie et al., 2007; Mhuireach et al., 2016) . A key aspect of urban land is its correlation with impervious surface areas: pavement, buildings, parking lots and roads. Replacing natural land with impervious surfaces disturbs the connection between plant and soil sources of airborne microbes, supplanting them with anthropogenic ones. For example, Bowers and colleagues (2011b) identified high abundances of faecalassociated taxa (e.g. Bacteroidales, Clostridiales, and Fusobacterium), particularly indicative of dog faeces, in the air above several metropolitan areas. Even within the same city, differences in land cover, leading to possible changes in abiotic factors such as temperature and humidity, can significantly alter airborne bacterial communities, with different taxonomic groups in the air above parking lots than above parks (Mhuireach et al., 2016) . Finally, in a continental-scale study, bacterial communities deposited as dust onto the outside of houses across the United States were more homogeneous in urban areas than in rural areas, supporting the hypothesis that urbanization alters airborne biodiversity at this very large scale (Barberán et al., 2015) .
Much of the previous work exploring the effects of land use and urbanization on airborne bacterial communities has relied on experiments with strong and replicated categorical treatment variables. Examples include comparing airborne communities in a large city versus a rural area (Bowers et al., 2011b) or at different land uses within a region (Bowers et al., 2011a) . However, at a different scale, there is evidence that very local factors (within 100 m) within a predominant regional land use can impact airborne bacterial community composition (i.e. Mhuireach et al., 2016) . Given this effect of scale, a valuable approach to examining airborne microbial communities is also to characterize them across a land use gradient. Urban-to-rural gradient studies have long been used in the field of urban ecology to identify thresholds in the effects of land use on ecosystems and to identify specific aspects of land use that affect them (McDonnell and Pickett, 1990; McDonnell et al., 1997; Carreiro and Tripler, 2005) . For example, gradient studies have identified low thresholds of impervious surface cover at which stream macroinvertebrate communities experience extreme changes in composition (Morse et al., 2003; Clapcott et al., 2012) .
To explore the concept that multiple scales influence airborne bacterial community composition, we used both categorical and gradient approaches. In this study, we examined airborne community structure across a gradient of 17 sites in southwest Michigan, surrounded by impervious surface areas ranging from 1% to 51%, with the upper end typical of most low-density urban development (consisting primarily of single-family homes) in the United States (Homer et al. 2011) . Within that gradient, we classified nine sites as predominantly urban and five sites as predominantly rural and also applied a categorical approach. We collected two bacterial community datasets from air and soil samples at all sites and used these to address the following questions related to the effects of urbanization: (i) Does airborne bacterial community structure differ between urban and rural site categories, and is there evidence for homogenization of communities across urban sites? (ii) Does the amount of surrounding impervious surface area explain variation in airborne communities across the gradient? and (iii) Are different soil taxa present in the airborne communities at urban and rural sites, suggesting an altered air-soil distribution relationship resulting from urbanization? The results of this study aid our understanding of the local and regional factors that influence airborne bacterial community composition and help formulate new hypotheses about the effects of urbanization on bacterial distribution.
Results
The predominant bacterial phyla across all airborne communities were Firmicutes (35%), Bacteroidetes (17%), Gammaproteobacteria (16%), Actinobacteria (9%), Alphaproteobacteria (7%), Betaproteobacteria (6%) and other phyla that represented less than 5% of the total community (Supporting Information Fig. S1A ). Airborne bacterial communities did not differ significantly across the two sample dates [permutational analysis of variance (permanova) p = 0.07] and weighted UniFrac distances and pairwise geographic distances were not correlated (r = 0.15, p = 0.14).
Categorical approach
We defined 'urban' sites as those surrounded by greater than 20% impervious surface area within a 1000 mdiameter circle of the sampling location and 'rural' sites as those surrounded by less than 5% impervious surface area within 1000 m. These definitions categorized nine sites as urban (Crane, Harbors West, Haverhill, Henderson, Kindleberger, Liberty, Milham, Reed and Spring Valley) and five sites as rural (Ft. Custer, Gourdneck, McLinden, Prairie View, Sand Creek) (Supporting Information Table S1 ).
The operational taxonomic unit (OTU) richness, PD and community composition of airborne communities collected at urban and rural sites did not differ (Supporting Information Table S2 , p > 0.82 and Fig. 1A , p = 0.36). There was no difference in the pairwise distance between ordination points representing samples collected at urban and rural sites (Fig. 1B) , suggesting a similar amount of community heterogeneity at both site categories (p = 0.68). In addition, frequency distributions of airborne OTUs among urban sites and rural sites did not differ (p = 0.99, Fig. 1C ), suggesting that local impervious surface area has no impact on the general ability of sites to distribute bacteria. The majority of OTUs were present at only one site within each land use category (Fig. 1C) .
Despite the lack of effect of urbanization on whole community metrics and β-diversity, we observed differences in the types of microorganisms distributed across the two site categories when we examined shared OTUs across the sites within each land use category. Across the nine urban sites, 273 OTUs were shared between airborne communities from at least two sites; across the five rural sites, 104 OTUs were shared. Most sites, despite their category, shared Clostridiales and Bacteroidales sequences, indicative of a broad distribution of gutassociated taxa in air in this region. While there was no significant difference in β-diversity of the airborne communities shared across urban sites and those shared across rural sites (p = 0.09), when we identified OTUs to bacterial order, we noted several differences in the relative abundances of shared taxa within the two groups ( Fig. 2A) . In general, the urban sites shared similar orders across most or all of the nine sites, though the relative abundances of OTUs shared varied from site to site. For example, sequences categorized as Lactobacillales, Clostridiales, Bacillales, Bacteroidales, Burkholderiales, Sphingomonadales and Pseudomonadales were commonly shared across most urban sites, but the amount of Burkholderiales sequences distinguished the Liberty site community from the other urban sites. Conversely, at the rural sites, shared airborne communities divide the sites into two Fig. 1 . A. Principal coordinates analysis (PCoA) based on weighted unifrac distances between airborne bacterial communities collected across nine urban (> 20% impervious surface area within 1000 m) and five rural (< 5% impervious surface area within 1000 m) sites. β-diversity did not differ between the categories (permanova, p = 0.36). B. Mean pairwise distance between all airborne bacterial communities shown in the PCoA for urban and rural groups, AE95% confidence intervals; pairwise distances did not differ (Mann-Whitney-Wilcoxon, p = 0.68). C. Frequency distributions of OTUs across urban (left) and rural (right) sites; distributions did not differ (Kolmogorov-Smirnov, p = 0.99).
categories. Three sites shared high amounts of Clostridiales and Bacteroidales sequences (Ft. Custer, Gourdneck, McLinden), while the other two rural sites (Prairie View and Sand Creek) had high amounts of Xanthomonadales sequences in their shared communities, as well as low abundances of Burkholderiales and Sphingomonadales. The separate clusters of rural sites are also evident in the ordination (Fig. 1A) .
The most ubiquitous OTUs detected in airborne communities also distinguished urban and rural sites. No single OTU was shared across all sites, and no OTUs were shared across all urban or all rural sites. The most ubiquitous OTUs were: (i) a member of the order Bacteroidaceae (in Bacteroidales, EU470010.1.1397) which was present at five of the urban sites and four of the rural sites and (ii) a member of the family Ruminococcaceae (in Clostridiales, FJ674035.1.1371) which was present at three rural sites and four urban sites. An OTU that is a member of the genus Polaribacter (in Flavobacteriales) was present at five of the urban sites, but none of the rural sites. In addition, an OTU within Pseudomonadaceae (in Pseudomonadales, FJ577648.1.1421) was shared across the five urban sites, but only present in two rural sites. Eight OTUs within Clostridiales were shared across three of the rural sites, including representatives of the families Veillonellaceae, Ruminococcaceae and Lachnospiraceae. Conversely, only two OTUs classified within Ruminococcaceae were shared across four urban sites and no OTUs within Veillonellaceae or Lachnospiraceae were shared across more than two urban sites.
Gradient approach
We used principal coordinates analysis to visualize variation in community structure across the impervious surface gradient represented by our 17 sample sites. The ordination is similar to Fig. 1A , so is not shown. When calculated within a 1000 m diameter-range of the sampling location, impervious surface area did not explain a significant amount of variation in airborne community composition (16%, p = 0.30, Table 1 ). No other land use factor we measured explained a significant amount of variation in the airborne community. Proximity to grassland/shrubland explained the most variation (31%), but this was not significant (p = 0.08). In addition, the reason for this marginal relationship between airborne communities and grassland was due to high relative abundances of taxa related to Ruminococcaceae in several communities across the gradient, including two grassland sites (Ft. Custer and Gourdneck) but also at other sites that were not proximal to grasslands (McLinden and Milham) . The amount of Ruminococcaceae-related sequences in air samples was not explained by the amount of Ruminococcaceae-related sequences in soils (Supporting Information Fig. S2 ) or proximity to known combined animal feeding operations (CAFOs) or wastewater treatment plants (WWTPs; Table 1 ).
Overlap between air and soil bacterial communities
The predominant bacterial phyla across all soil communities differed from airborne phyla. Predominant soil phyla were Acidobacteria (18%), Bacteroidetes (16%), Verrucomicrobia (13%), Alphaproteobacteria (9%), Actinobacteria (9%), Deltaproteobacteria (8%) and Betaproteobacteria (6%) (Supporting Information Fig. S1B ). Weighted UniFrac distances and pairwise geographic distances were not correlated for soil samples (r = −0.06; p = 0.61) and there was no effect of sampling date (p = 0.73). Unlike airborne communities, soil community composition differed between urban and rural sites (p = 0.02), and communities were more homogeneous at urban sites (p = 0.0002, Supporting Information Fig. S3A ,B), though frequency distributions did not differ between urban and rural sites (p = 0.92, Supporting Information Fig. S3C ). Impervious surface area surrounding the site did not explain a significant amount of variation in soil communities (Table 1 ). Proximity to grasslands (65%) and forests (64%) explained the greatest amount of variation in soil bacterial communities, while proximity to wetlands (47%) and developed areas (41%) also explained significant proportions of variation. However, our experimental design was insufficient to examine the relationship between land use and soil bacterial communities further due to differences in land-cover and landuse legacies among rural sites.
Across all 17 sites in the gradient, 72% of OTUs were present in at least one air sample that were also present in at least one soil sample (i.e. 6140 OTUs found in both in air and soil datasets versus 8458 total in air). There were 2318 OTUs present only in the air samples and 41 731 OTUs unique to the soil samples. The amount of impervious surface area surrounding the sites did not explain a significant amount of variation in the communities of OTUs that overlapped between soil and air samples across the gradient of 17 sites (Table 1) . None of the other land use variables we calculated, including distances from WWTPs and CAFOs, explained a significant amount of variation in the soil/air overlapping communities.
The communities that overlapped between air and soil were the same across urban and rural site categories (p = 0.13). No bacterial order overlapped between the individual soil and air samples at all of the nine urban and five rural sites, and none were unique to all sites belonging to one land use category and not the other (Supporting Information Fig. S4 ). In general, our results did not support our hypothesis: on average, 94% of OTUs present in the air at a particular site were also present in the soil. Across the five rural sites, an average of 92.3% (AE5.0) OTUs were present in both air and soil samples at the same site; similarly, across the nine urban sites, an average of 94.6% (AE1.5) OTUs) were present in both air and soil samples from the same site. We identified 10 airborne orders that best characterized urban and rural air communities in this study in Fig. 2 . Of those, Clostridiales and Bacteroidales were widely shared across both urban and rural sites. However, Clostridiales sequences were only present in both air and soil at five sites (Spring Valley, Henderson, Haverhill, Milham and Ft. Custer) and Bacteroidales sequences were only present in both air and soil at two sites (Milham and Sand Creek) . Taxa related to Alteromonadales, Bacillales, Sphingomonadales, Burkholderiales, Pseudomonadales and Xanthomonadales were prevalent both in air and soil at most of the sites, though in some instances the order was distinctive to the airborne community but was not present in the soil at that site (e.g. Xanthomonadales at Sand Creek). Finally, two airborne orders were not present in soil communities at any site: Oceanospirillales and Lactobacillales.
When we examined air and soil communities at each site individually, OTUs categorized within the orders Rhizobiales, Sphingomonadales, Burkholderiales, and candidate order (Chthoniobacterales) were present in both soil and air samples at 13 out of 14 sites. Pseudomonadales, Xanthomonadales, Actinomycetales and candidate order (Saprospirales)-related sequences were present in both air and soil in 12 out of 14 sites. Sequences within the orders Gaiellales, Acidimicrobiales, Flavobacteriales, Myxococcales, Solirubrobacterales and Acidobacterales were also shared between the air and soil across the majority of urban and rural sites. Acidimicrobiales and Flavobacteriales sequences were shared between air and soil with greater prevalence across urban sites while Actinomycetales, Myxococcales, Solirubrobacterales and Acidobacterales were shared with greater prevalence across rural sites. Several less-prevalent bacterial orders were present in urban soil and air, but not at all between the air and soil at a rural site. These included: Syntrophobacterales, Bdellovibrionales, SC-I-84, Legionellales, Methylophilales, Aeromonadales and Rhodobacterales.
Discussion

Effects of scale and urban homogenization
Homogenization of ecological patterns is thought to be a widespread effect of urbanization (e.g. Groffman et al., Table 1 . Explanatory power, represented as vector-based regression results, of the percentages of each land use category surrounding the site within 1000 m and of the distance from the site from the nearest WWTP and CAFO. No land use variables significantly explained the variation in airborne bacterial communities or the community of OTUs that overlapped between soil and air samples. Proximity to forests and grasslands/ shrublands explained the greatest variation in soil communities, followed by proximity to developed land and wetlands. Airborne microbes and land use 3533 2014). For example, changes in riparian vegetation and patch connectivity caused by urban land use surrounding streams are related to a reduction in macroinvertebrate biodiversity (Urban et al., 2006) . On a continental scale, residential land management in urban areas has a homogenizing effect on plant diversity, despite differences in regional climates (Wheeler et al., 2017) . However, no environment is as locally, regionally and globally interconnected as the air. Were urban homogenization patterns to be demonstrated among airborne communities, it would indicate a consistent and site-dependent contribution of terrestrial taxa to the airborne bacterial reservoir. At the comparatively confined geographic scale of our study, we did not observe this trend. Soil bacterial communities in our study were strongly influenced by surrounding urban or rural land use, and urban soil bacterial communities were more homogeneous than rural communities. However, this trend did not extend to airborne bacterial communities, which did not differ across urban and rural sites and were equally heterogeneous. In many cases in our study, the structure of airborne communities was unique to the specific site of collection, while also sharing core taxa with air collected across the other sites. Given the potential for broad airborne dispersal of bacteria and localized influences on airborne communities, the effects we observed on airborne bacterial communities may entirely depend on the balance between the scale of the study and the strength of a particular local influence. For example, a large continental scale study of dust-deposited bacteria also demonstrated that urban and rural communities did not differ, though urban communities were more homogeneous than rural ones (Barberán et al., 2015) . This observed homogenization of dust-deposited bacteria could indicate that we will only observe the effects of urbanization on the distribution of airborne communities at very large scales that overcome the effects of local and regional influences. However, dust-deposited communities may also include more than just airborne bacteria, so this result may also reflect more of the effects of the surrounding ecosystem than would be typical for transient air communities. In a regional scale study of airborne bacteria collected in three cities and one small town in the Midwestern United States, communities differed, but exhibited a large amount of overlap in community composition, suggesting a greater influence of regional air than local land use (Bowers et al., 2011b) . Conversely, in another regional scale study of airborne bacteria in Colorado, significantly different bacterial communities were present in the air above distinctly agricultural, forested or suburban sites (Bowers et al., 2011a) . Taken together, these results suggest that the strong local effects of different types of rural sites may overcome the overall regional influences on airborne communities. However, the local effect of urbanization is not as strong as effects of other types of rural land use (i.e. agriculture, forests and grasslands). We hypothesize that this may be for several reasons. First, impervious surface areas disconnect certain terrestrial sources of bacteria from the air (such as soil), so urban airborne communities inherently reflect larger regional patterns while rural communities more strongly reflect the effect of local influence. Therefore, airborne bacterial communities at urban sites may better represent the regional, or even global, airborne community. Second, impervious surface areas may serve as unique sources of airborne bacteria themselves, having a distinguishing effect on local airborne communities. Diverse bacterial communities have been associated with concrete surfaces, such as sewer pipes (Vinke et al., 2001 ) and other concrete structures (Giannantonio et al., 2009) , which may represent distinctive urban sources of airborne bacteria.
Regional factors affecting all sites. The results of our study reflect both regional and local influences on airborne bacterial communities. Regionally, there were high relative abundances of Clostridiales and Bacteroidales shared across most sites, both urban and rural, suggesting wide airborne distribution across the county, independent of urbanization. This result corroborates the observations made by Bowers and colleagues (2011b) that gutassociated taxa are large contributors to the airborne communities in the Midwestern United States, likely due to a combination of predominantly agricultural land use across the region as well as the contribution of dog faecal bacteria to the air, particularly in the winter.
Local influences on rural communities. Underlying this regional effect, local differences distinguished the communities among sites. For example, communities collected at Prairie View and Sand Creek both shared high relative abundances of Xanthomonadales, and these sites were also surrounded by the highest percentages of agricultural land use in the study (50% and 40% within 1000 m, respectively). This order contains several members which are known pathogens that affect agriculturally important plants (Mansfield et al., 2012) , including leaf streak in corn (Korus et al., 2017) and soybean pustule disease (e.g. Kaewnum et al., 2005) , the two predominant crops in rotation in southwest Michigan. Since our study was conducted in April, prior to agricultural biomass production but following application of fertilizer and tilling typical for the region, it is possible that these agricultural activities act to release Xanthomonadales from decomposing plant material in the soil. However, further study is required to test this hypothesis and to determine whether any Xanthomonadales are pathogens to local crops.
Another example of a local effect is seen in the communities collected at Gourdneck and Ft. Custer. These are distinctive grassland sites, located in restored tallgrass prairies, and the airborne communities at these sites were nearly the same, despite their geographic distance. The variation explained by grassland was significant with respect to the soil communities, and Ft. Custer and Gourdneck soils have significantly different β-diversity from other sites, due to higher relative abundances of Acidobacteria and lower relative abundances of Actinobacteria at these sites than the others. This led us to hypothesize that there would be greater overlap between soil and air communities at these grassland sites, distinguishing them from other locations. However, this was not the case. In addition to the two prairie sites, the airborne communities collected at McLinden and Milham sites share similar airborne community composition, yet neither of these sites is located within 1000 m of a grassland. Instead, the airborne communities at these four sites contained high relative abundances of sequences in the family Ruminococcaceae. The air samples at the two grassland sites and Milham harbour had > 30% relative abundance of Ruminococcaceae, while McLinden air had 15%. Ruminococcaceae are obligate anaerobic bacteria that reside in mammalian guts (Rainey, 2009 ), which are not known to form endospores (Maczulak, 2011) . Land use in Kalamazoo County is 40% agricultural and consists of a substantial cattle population. While airborne Ruminococcaceae from bovinerelated agriculture could account for the observations of this study, neither proximity to agricultural land use (including pastures) nor distance from known CAFOs explained variation in airborne bacterial community structure. Similarly, distance from WWTPs did not explain the high relative abundances of Ruminococcaceae at these sites, ruling out this potential human source. As demonstrated previously, dog faeces can contribute to airborne bacterial communities in Midwestern cities (Bowers et al., 2011b) . However, sequences related to Fusobacteria, which can be an indicator of dog faecal contamination, were not common in our air samples, so we do not think that dog faecal material is the source of Ruminococcaceae (Middlebos et al., 2010) . It is likely that local contributions from wild animals, such as deer, are the source in this study. Deer population numbers in 2015 were estimated to be above 2400 individuals in the city of Portage, MI alone (Steve Dyk, personal communication) and maintenance of whitetailed deer populations for game hunting is a local management goal at several of the sites. Given these management priorities and deer population numbers, it is likely that wildlife contributes substantially to local airborne bacterial communities, but further source-tracking studies are necessary. In summary, airborne communities collected at the rural sites in our study were strongly influenced by local land use factors, such as agricultural activities and the proximity to wild mammal populations.
Larger-scale influences on urban communities. In contrast to the local effects on rural sites discussed above, we did not observe distinguishing groups of shared airborne taxa among the urban sites. Certain urban sites stood out with higher relative abundances of some shared taxa than others, such as Liberty, which had a higher abundance of Burkholderiales in the air than other urban sites. However, most urban sites shared many of the same taxonomic groups that have the potential for long-distance transport, suggesting the influence of regional-continental scale factors on urban air. Furthermore, urban air samples shared distinctively urban taxa (Bacillales, Alteromonadales and Lactobacillales). Bacillales are ubiquitous soil bacteria known to form endospores and can be distributed over vast geographic distances (e.g. Meola et al., 2015) . Similarly, many cultivated Alteromonadales, which fall within the phylum Gammaproteobacteria, are marine bacteria (López-Pérez and Rodriguez-Valera, 2016), and it is possible that these organisms are transported from the ocean or even the Great Lakes (Winters et al., 2014) . Sequences related to Shewanellaceae (a family within Alteromonadales), were previously found in tropospheric samples, providing evidence that these taxa are transported great distances through the air (DeLeonRodriguez et al., 2013). In addition, we observed low levels of Oceanospirillales (common marine organisms) in all our samples, further indicating long-distance transport of some taxa from an oceanic source (e.g. da Silva et al., 2013). However, Gammaproteobacteria were also predominant in bacterial communities collected from the surface of concrete structures (Giannantonio et al., 2009) , indicating impervious surfaces may also serve as a source themselves. Finally, Lactobacillales are typically associated with the human microbiome (e.g. LloydPrice et al., 2016) as well as probiotic and food production, so larger population densities in urban areas could account for their prevalence across urban sites. In summary, while we did not observe overall community homogenization above urban sites, we did observe similarities across urban sites that may reflect large-scale airborne distribution while differences in shared rural communities may be indicative of more local factors.
Impervious surface area across a gradient
The sites used for our study included 17 sites surrounded by a gradient of impervious surface area within 1000 m, ranging from 0.8% to 50.6%. Airborne communities collected above parking lots and parks within an urban area have been shown to differ in composition (Mhuireach et al., 2016 ), but we did not observe any relationship between the amount of impervious surface area within 1000 m of sampling locations and airborne communities. Since the study by Mhuireach and colleagues (2016) used a 100 m cut-off surrounding their sites, we also examined our dataset using this cut-off, but again, found no relationship between impervious surface area and airborne community structure.
The amount of vegetation within the 100 m diameter of the sampling location best explained airborne community variation in the Mhuireach and colleagues (2016) study. In our study, no land use categories, including the percentage of surrounding grasslands and forests (a proxy for vegetation), significantly explained the variation in airborne communities. However, the Mhuireach and colleagues (2016) study differs from ours in several ways. First, all samples in that study were collected within what we would have defined as an urban area. Second, our samplers were not placed on paved surfaces, but in nonpaved areas surrounded by progressively more pavement across the gradient. Mhuireach and colleagues (2016) point to differences in abiotic factors, such as radiation (implying more extreme temperatures and desiccation), exposure to heavy metals and fossil fuel combustion as factors differing between their parking lot sites. Since our urban samples were collected in the equivalent of their urban parks, it is not unexpected that we would see somewhat different results.
Air-soil interactions
We hypothesized that increased pavement over natural sources of airborne bacteria, such as soil, could alter the contribution of soil microorganisms to the atmospheric reservoir and disrupt airborne distribution of bacteria. Past studies have been inconsistent with respect to the possible contribution of soil bacteria to the atmosphere. For example, Bowers and colleagues (2011b) demonstrated that airborne communities collected by vacuum filtration shared little community similarity with soil communities. However, Barberán and colleagues (2015) demonstrated that soils and plants were likely sources of airborne communities that settled as dust on the outside of houses. The difference between these studies may be due to both scale and the effect of active (vacuum filtration) versus passive (settled-dust) sampling strategies.
We employed a passive sampling strategy over a short period of time to ensure that airborne communities were biased by neither vacuum filtration (Fahlgren et al., 2011) nor by local activities that would overemphasize the contribution of soil or plant-associated microorganisms to the atmosphere, such as lawn mowing or tilling. Overall, our results did not support our hypothesis and suggest that proximity to impervious surface areas did not influence the amount of OTUs exchanged between soil and air samples at each site.
While impervious surface area did not influence the total proportion of OTUs overlapping between air and soil samples, we further investigated whether the community composition of overlapping OTUs differed by rural or urban site category. In particular, we noted that across the urban sites, some soil-associated taxa were members of the bacterial orders that were also shared broadly across urban air, such as Bacillales, and to a lesser extent Burkholderiales, Pseudomonadales and Sphingomonadales. This may indicate that increasing impervious surface area encourages airborne distribution of some soil-associated taxa more than others. Endospore-forming Bacillales taxa are built for survival and dispersal in low-nutrient environments, such as the air (e.g. Lighthart, 1997; Fang et al., 2007) . The orders Burkholderiales, Pseudomonadales and Sphingomonadales all contain highly diverse, aerobic and often motile species within the phylum Proteobacteria. These taxonomic groups are typically found in air samples, both near the terrestrial surface (e.g. Bowers et al., 2011a,b; Klein et al., 2016) and higher in the atmosphere (DeLeon-Rodriguez et al., 2013) , suggesting either a continuous exchange of these taxa between soil and air and/or broad distribution of these taxa over large distances. For example, Proteobacteria represent the largest taxonomic proportion of OTUs found in rain water (Jones et al., 2008) , so widespread airborne distribution may be mediated through micro-droplets of water in the air. Sphingomonadales contains common leaf-associated taxa, so vegetation may be the source of these organisms to both air and soil (Kim et al., 1998; Murakami et al., 2010) and high abundances of this order may also be related to the proximity to running water (Mhuireach et al., 2016) . By contrast, we did not observe similar patterns across our rural sites, reflecting our previous results that local sources of airborne microorganisms influence rural air, while larger-scale sources of airborne microorganisms are seen in urban air.
There were a few common soil taxa that were also present in the air at most sites, such as members of Rhizobiales, Actinomycetales and candidate order Chthoniobacterales. These taxa were not widely shared by airborne communities across the sites, suggesting that these soil groups may only be detected in the air immediately near the site but are not widely distributed in the air. These results are consistent with the different life history strategies of cultured organisms within these bacterial orders. Members of Rhizobiales and Actinomycetales are symbiotic with plant root systems (e.g. Benson and Silvester, 1993; Hayat et al., 2010) , so widespread introduction of these taxa to the air would require disruption of plant roots. While little is known about Chthoniobacterales, they are within the phylum Verrucomicrobia, subdivision 2 class Spartobacteria, which are widespread in soils (Bergmann et al., 2011) and have the potential for cellulose, xylan, chitin and starch metabolism (Herlemann et al., 2013) , again indicating a strong association with plants. In summary, soil is an unlikely source for certain taxa unless active disruption (such as harvesting) has recently occurred, whereas soil may act as a source for other common airborne taxa. However, we also note that our approach did not allow us to determine whether the soil was a source or a sink for airborne OTUs. A recent study estimated that 50% of bacterial taxa in downwind air originated from plants (Lymperopoulou et al., 2016) , and dust-deposited air samples contain a high proportion of chloroplasts (Barberán et al., 2015) , indicating that plants and pollen may be a main source of airborne bacteria, which then are deposited onto the soil. Further studies are necessary to address this interesting question and determine the nature of this terrestrial-atmospheric exchange mechanism and how it varies with seasonality and human activities.
Conclusions
The effects of urbanization on the distribution of airborne bacteria are complex and dependent on both the scale and region examined. Our study confirms that gutassociated taxa represent a large amount of biodiversity in the air in the Midwestern United States, which may mask local effects of urbanization. Given the type of organisms (Ruminococcaceae) and the locations where they were found in high relative abundances in the air, we hypothesized that wildlife, such as deer, are a likely source. Underlying this regional pattern, we noted differences in α-diversity between urban and rural sites, which were not obvious when observing β-diversity alone or a gradient-based approach. Certain taxonomic groups, such as Bacillales, Alteromonadales and Lactobacillales, were more widely prevalent across urban sites than rural sites, whereas airborne Xanthomonadales were more prevalent in the air of rural sites located near agricultural land. We also noted that soil may serve as a source for some abundant air taxa, particularly at urban sites, but other ubiquitous soil taxa are not widely distributed across the air at all. Viewed through the camouflage of the overlying regional trend, our results suggest that increased impervious surface area and other land use changes can affect the types of bacteria that are distributed in the atmosphere. We hypothesize that this is because the urban sources themselves provide new bacterial sources, but also because urbanization reduces the local signature of different rural land uses. Future research should address interactions between local land use signatures and regional patterns of air microbial communities.
Experimental procedures
Sample collection
On April 11-12, 2015, we collected air and soil samples at 17 sites located in Kalamazoo County in southwest Michigan, representing a gradient of low-to-high impervious surface area. We chose sites based on the percent impervious surface area within 100 m, which ranged from 0% to 83% and 1000 m, which ranged from 1% to 51% (Supporting Information Table S1 ). We calculated percent land cover for impervious surface area, other land uses and distances from CAFOs and WWPTs using the National Land Cover Database (Xian et al., 2011; Homer et al., 2015) in ArcGIS 10.2 (ArcGIS Desktop: Release 10, 2013) (Supporting Information Table S1 ). We investigated these resolutions because the 100 m interval provides a local perspective of the area surrounding a sampling site and the 1000 m interval provides a more regional perspective, but results for airborne communities were the same at both resolutions, so only the 1000 m cut-off is presented. Beyond 1000 m, there is substantial overlap between certain sampling areas, particularly in urban locations, so this is the maximum range we used for analyses (Supporting Information Fig. S5 ).
To minimize variation as much as possible, we acquired samples on two consecutive days, during which there was no precipitation and the weather was similar (Supporting Information Table S3 ). At each site, we constructed portable sampling platforms, which consisted of four 1-in. diameter PVC pipes, connected at the top with a 44.5 × 30.5 cm rectangular frame. The four corners of the sampler were inserted into holes in the ground, such that the top of the sampling platform was 2 m above the surface of the ground. Prior to sampling, we sterilized a 40.6 × 29.2 × 15.2 cm plastic basket and attached eight 100 × 15 mm sterile plastic collection (petri) dishes to the inside of the basket. Immediately before beginning sampling, we placed the plastic basket into the top of the sampling platform and removed the lids from the collection dishes (Supporting Information Fig. S6 ). Collection dishes remained open for 8 h. At the north-and southmost sites, meteorological variables were measured on each sampling day, using two pre-calibrated portable weather trackers (Oregon Scientific Pro Weather Station WMR86/WMR86A and LaCrosse Technology Professional Weather Center WS-1612AL-IT). High and low air temperature, percent relative humidity, barometric pressure, wind speed and wind direction were recorded every 2 min during the sampling time period (Supporting Information Table S3 ). When the sampling time period was complete, we re-covered collection dishes immediately with sterile lids, and removed them from the sampling platform. At this time, we also aseptically collected a 5 cm diameter × 7 cm deep soil core from beneath the air sampler, avoiding ground vegetation. The soil core was transferred into a Ziploc bag and homogenized. We transported the sample dishes and soil cores back to the laboratory in on ice. Samples from the collection dishes were processed within 24 h, as described below. Soil cores were frozen at −80 C prior to DNA extraction.
DNA extraction and sequence analysis
We extracted all DNA in a UV-sterilized biosafety cabinet to prevent contamination. To extract airborne community DNA from the collection dishes, we dipped sterile flocked swabs (FLOQSwabs, Copan Diagnostics, Inc., Murrieta, CA) into sterile 1× phosphate buffer solution, and swabbed across the inside four of the collection dishes. For consistency, swabbing for all samples was done by the same investigator and timed so that each plate was swabbed for 1 min. After swabbing four plates, we cut the tip of the swab using a sterilized scissor and placed it into the first tube of a PowerWater DNA extraction kit (Mobio Labs, Carlsbad, CA). In addition, two sets of four unexposed petri dishes were swabbed following the same procedure to prepare two negative controls for DNA extraction and amplification. We carried out extractions according to manufacturer's instructions with the following amendments to the procedure to improve yields: (i) 1.5 ml of solution PW1 was added instead of 1 ml, (ii) bead-tubes with sample swabs were incubated at 65 C for 15 min, followed by 10 min of vortexing at high speed, (iii) the final elution volume in solution PW6 was 30 μl. We used a PowerSoil DNA extraction kit (MoBio Labs, Carlsbad, CA) to isolate DNA from thawed soil samples, according to the manufacturer's instructions, and from two negative controls that contained no soil. We sent purified DNA from all samples to the Michigan State University Genomics Core Facility for 16S rRNA library preparation and amplicon sequencing. Bacterial 16S rRNA genes were PCR amplified using primers specific for the V4 hypervariable region (Kozich et al., 2013) . Amplicon integrity was visualized by analysing a subset of PCR products on a 1% agarose gel stained with ethidium bromide. A SequalPrep Normalization Plate Kit, 96-well (Thermo Fisher Scientific, Waltham, MA) was used to normalize DNA libraries. Replicate samples were pooled, quantified using a Kapa Biosystems qPCR kit (Kapa Biosystems, Inc., Wilmington, MA) and normalized to equal concentrations. Normalized sample pools were then loaded on an Illumina Mi-Seq flow cell v2 and sequenced using a 500 cycle (PE250) reagent kit. Bases were called using Real Time Analysis (RTA) software v1.18.54 and RTA output was demultiplexed and converted to fastq files using Illumina Bc12Fastq v1.8.4. We used PandaSeq version 2.8 (Masella et al., 2012) to merge forward and reverse reads and remove reads that were below a 90% quality score threshold. We excluded sequences that contained ambiguous base calls and base calls of greater than eight identical bases, fewer than 247 bases, more than 275 bases and/or sequence overlap of fewer than 47 bases. We used QIIME version 1.9.1 (Caporaso et al., 2010) and the vsearch algorithm (Rognes et al., 2016) to identify and remove chimeric sequences. The merged forward and reverse reads for all air and soil samples are publicly available as fasta files in the NCBI Sequence Read Archive, Project Number PRJNA417156. Non-chimeric sequences were clustered into OTUs using a 97% similarity cut-off using the pick_open_reference_otus.py script in QIIME, which selected open-reference OTUs and removed singleton sequences. A phylogenetic tree was constructed with a set of sequences representative of the OTUs using FastTree (Price et al., 2009) . We assigned taxonomy to OTUs using the Ribosomal Database Project classifier against the Silva version 128 reference database (Quast et al., 2013) . For the air samples, a total of 1 618 215 high-quality, chimera-checked sequences were in the 17-sample dataset, resulting in 6216 OTUs. Of those, 712 OTUs were associated with the negative controls and 343 OTUs were associated with non-target groups (Archaea, mitochondria, chloroplasts and Ralstonia spp.), all of which we removed from the dataset. For the soil samples, a total of 1 695 389 high-quality chimera-checked sequences were in the 17-sample dataset. A total of 45 270 OTUs remained in the soil dataset once OTUs associated with the negative controls and non-target taxa were excluded.
Statistical analyses
We used the R Statistical Environment, version 3.3.2 for all statistical analyses. We used a weighted UniFrac distance matrix generated through phyloseq version (1.16.2) to examine differences in bacterial community structure across sites (Caporaso et al., 2010; McMurdie and Holmes, 2013) . We checked for effects of sample date using permanova using the adonis function in the vegan package (version 2.4-6) in R (Oksanen et al., 2016) . We also checked for correlation between weighted UniFrac distances and pairwise geographic distances using the Mantel function (Legendre and Legendre, 2012) , also using the vegan package. Significance was evaluated at α = 0.05 throughout the study. First, we examined differences in communities using a categorical approach. We defined 'urban' sites as those surrounded by greater than 20% impervious surface area within a 1000 m-diameter circle of the sampling location and 'rural' sites as those surrounded by less than 5% impervious surface area within 1000 m. This is consistent with previous studies examining urban stream macroinvertebrates, which have found that a 20% cut-off of surrounding impervious surface area is a meaningful threshold for community changes (e.g. Morse et al., 2003; Clapcott et al., 2012) . We visualized community relationships between the urban and rural sites for both airborne and soil community datasets using principal coordinates analysis (PCoA) and calculated the amount of variation explained by the two most-explanatory axes (pcoa1, pcoa2). We used permanova to statistically compare β-diversity between urban and rural categories. We calculated the average pairwise distance between all ordination points to determine whether urban and rural communities were equally homogeneous, and compared the averages using the Mann-Whitney-Wilcoxon (MWW) test (Fay and Proschan, 2010) . We examined frequency distributions of airborne and soil OTUs within the urban and rural categories and compared distributions using the Kolmogorov-Smirnov test (Kiefer, 1959) . We calculated Faith's PD (Kembel et al., 2010) and OTU richness using QIIME and compared the averages for these variables across urban and rural sites using the MWW test. Finally, we determined the relative abundances of those OTUs that were shared across urban sites and those that were shared across rural sites. We compared the similarity between these communities of OTUs shared across urban vs. rural air using a Bray-Curtis distance matrix (Bray and Curtis, 1957) and permanova using the vegan package and identified OTUs to bacterial taxonomic orders.
We also examined the relationship between land use variables and community variation across a gradient using a regression-based approach. We used PCoA to visualize community variation across all 17 samples for both air and soil datasets. We then calculated the explanatory power of the percentages of impervious surface area, developed, forested, agricultural, wetland, grassland/shrubland and water within 1000 m of each sampling site using the envfit function in vegan. When necessary, data were transformed to suit the assumption of a normal distribution using the powerTransform function in the car package, version 2.1-4 (Fox and Weisberg, 2011) . We also determined which OTUs were shared between soil and air samples across all 17 sites, visualized community variation using nonmetric multidimensional scaling (NMDS) using the vegan package, and again used the envfit function to determine the explanatory power of land use variables.
Finally, we determined which OTUs overlapped between soil and air samples at each individual site. We calculated the presence or absence of each OTU from each sample type, and used a Jaccard distance matrix (Jaccard, 1908) and permanova using the vegan package to determine whether there was a significant difference in the air-soil overlapping community at urban and rural sites. We determined the identity of OTUs to bacterial taxonomic orders and examined the prevalence of air-soil overlap of taxa across the urban and rural sites.
Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . Percent relative abundances of Bacterial Phyla present in A) air samples and B) soil samples across a 17-site gradient. Sites are organized from lowest amount of impervious surface area within 1000 m of the site (left) to highest amount of surrounding impervious surface area (right). Figure S2 . Percent relative abundance of Ruminococcaceae in soil samples vs. the percent relative abundance of Ruminococcaceae in air samples. The relationship was not significant (R 2 = 0.03, p = 0.49). Figure S3 . A) Principal coordinates analysis (PCoA) based on weighted unifrac distances between soil bacterial communities collected across 9 urban (> 20% impervious surface area within 1000 m) and 5 rural (< 5% impervious surface area within 1000 m) sites. β-diversity differed between the two site categories (permanova, p = 0.02). B) Mean pairwise distance between all soil bacterial communities shown in the PCoA for urban and rural groups, AE 95% confidence intervals; pairwise distances were significantly lower across urban sites than across rural sites (Mann-Whitney-Wilcoxon, p = 0.0002). C) Frequency distributions of OTUs across urban (left) and rural (right) sites; distributions did not differ (Kolmogorov-Smirnov, p = 0.92). Figure S4 . Presence (blue) or absence (white) of bacterial Orders in both air and soil samples collected at 9 urban (> 20% impervious) sites and 5 rural (<5% impervious) sites. There was no overall difference between the soil-air communities at urban or rural sites (permanova p = 0.83). Orders identified as distinctive in Figure 2 are indicated in colour. Sites are grouped by community similarity, according to Figure 1A . Figure S5 . Locations of sampling sites with impervious surface area within 100 m and 1000 m buffer, combined animal feeding operations (CAFOs) and wastewater treatment plants (WWTPs). Figure S6 . Example of passive sampler used to collect air samples at each site, based on sampler used in Mhuireach et al., .  Table S1 . Site name, GPS coordinates, sampling date, percent impervious surface area, developed land, forested land, agriculture, wetland, grassland/shrubland and water within 100 m and 1000 m surrounding the site, and the distance between the site and the closest wastewater treatment plant (WWTP) and combined animal feeding operation (CAFO) in kilometres. Data are organized by the amount of impervious surface area surrounding the sites within 1000 m. 
